The neuronal glycine transporter GLYT2 takes up glycine from the extracellular space by an electrogenic process where this neurotransmitter is co-transported with sodium and chloride ions. We report in this paper that tyrosine at position 289 of GLYT2a is crucial for ion coupling, glycine affinity and sodium selectivity, stressing the essential role played by this residue of transmembrane domain III in the mechanism of transport. Substitution to tryptophan (Y289W), phenylalanine (Y289F), or serine (Y289S), renders transporters unable to catalyze glycine uptake. Measurements of glycine evoked steady-state currents in transfected HEK-293 cells reveal EC 50 values for glycine 17-fold (Y289F) and 45-fold (Y289S) higher than that of the wild type transporter. Sodium dependence is severely altered in tyrosine 289 mutants, both at the level of apparent affinity and cooperativity, with the more dramatic change corresponding to the less conservative substitution (Y289S). Accordingly, sodium selectivity is gradually lost in Y289F and Y289S mutants, and chloride dependence of glycine evoked currents is markedly decreased in Y289F and Y289S mutants. In the absence of threedimensional information from these transporters, these results provide experimental evidence supporting the hypothesis of transmembrane domain III being part of a common permeation pathway for substrate and cotransported ions.
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receptors. The re-uptake of glycine into presynaptic nerve terminals or the surrounding fine glial processes plays a major role in the maintenance of low synaptic levels of the transmitter (1) (2) (3) . It is now well demonstrated that hypofunction of glutamatergic (NMDA receptor-mediated) neurotransmission is involved in symptoms of schizophrenia (4) . It is also likely that a decrease in the glycinergic inputs is involved in pathologies of the muscle tone regulation (5) . Therefore, compounds able to potentiate glycinergic neurotransmission may find applications in the treatment of psychiatric diseases and spasticity (6) .
Glycine transporters are members of the Na ϩ -and Cl Ϫ -dependent neurotransmitter transporter family (7) (8) (9) , a group of integral glycoproteins (10, 11) that share a common structure with 12 transmembrane domains (12) . Several neurotransmitter uptake systems, including those for glycine, present an unexpected molecular heterogeneity.
By now, two glycine transporters, GLYT1 and GLYT2, have been cloned (13) (14) (15) (16) (17) . GLYT1 presents three isoforms (GLYT1a, GLYT1b, and GLYT1c) that differ in their amino-terminal sequences and are generated both by alternative promoter usage and by alternative splicing (13, 15, 17, 18) . Recently, a second GLYT2 isoform (GLYT2b) has been isolated, cloned, and characterized in our laboratory (19) . The GLYT1 variants are distinguishable from the GLYT2 ones by their brain distribution (20) , pharmacological profile, kinetic properties, Cl Ϫ affinity, and electrical behavior (21) .
In the absence of three-dimensional information from these proteins, a structure-function relationship can be obtained from site-directed mutagenesis approaches based on the homology between members of the same transporter family. Previous work from related GABA (GAT-1) and serotonin (SERT) transporters point to a tyrosine residue and its surroundings in the third transmembrane domain (TMIII) as being critical in substrate binding (22, 23) . This tyrosine residue is conserved in all the family members, including the bacterial transporters (24) . It has been suggested that the tyrosine may interact with a moiety common to all substrates of the family, namely the amino group (22) .
In this study we have modified Tyr 288 and the conserved Tyr 289 located in the TMIII of GLYT2a transporter. By using a glycine transport assay and the whole cell recording configuration of the patch-clamp technique, we have studied the functional effects of these point modifications. We show that Tyr 289 replacement either by Phe or Ser has a dramatic effect in glycine binding and transport, ion dependence, and sodium selectivity. This is the first study giving valuable information about the structure-function relationship of the neuronal GLYT2a glycine transporter.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-This was performed using a modification of the method of Higuchi (25) as described (11) . Mutants and wild type cDNAs were subcloned downstream the cytomegalovirus promoter of pcDNA3 mammalian expression vector (Invitrogen). All mutations were confirmed by DNA sequencing.
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(American Type Culture Collection) were grown at 37°C and 5% CO 2 in high glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin G, and 100 g/ml streptomycin sulfate. Transient expression in COS-7 cells was carried out using LipofectAMINE Plus (Life Technologies, Inc.) following the procedure indicated by the supplier. HEK-293 cells were transfected with FuGENE (Roche Molecular Biochemicals) according to the instructions provided by the manufacturer. Cells were incubated for 48 h at 37°C and then used to assay transport activity and surface expression. For patch-clamp experiments, HEK-293 cells were seeded on poly-Dlysine-coated glass coverslips (125 ϫ 10 3 cells/coverslip) placed in 12-well Corning dishes. The cDNA encoding for the GLYT2a transporter was cotransfected with that encoding for green fluorescent protein (GFP) in a 10/1 ratio, respectively, by using the FuGENE transfection technique (see above). Cells were used for patch-clamp experiments 24 -72 h after transfection.
Glycine Transport Assay-Transport assays in transfected COS-7 cells were performed at 37°C in HEPES-buffered saline (150 mM NaCl, 10 mM HEPES-Tris, pH 7.4, 1 mM Ca 2 Cl, 2.5 mM KCl, 2.5 mM MgSO 4 , 10 mM glucose) as described previously (26). Cells were incubated for the indicated times in 0. (11, 27) . Proteins were fractionated by SDS-polyacrylamide gel electrophoresis according to the method of Laemmli (28) and analyzed by Western blot for immunoreactivity against anti-GLYT2a antibodies as described previously (20, 29) . Bands were visualized with the ECL detection method (Amersham Pharmacia Biotech).
Protein Concentration-Protein concentration was determined by the method of Bradford (30) .
Electrophysiology-Cells were viewed at a total magnification of 400 under ultraviolet light illumination, in order to identify the GFP-expressing fluorescent cells. Solutions were applied by means of a polyethylene tubing (opening, 500 m) approached within 3 mm of the cell under investigation. Pipettes (5-10 megohms) were pulled from thick walled borosilicate glass capillaries (Phymep, Paris, France). Whole-cell currents were recorded with an Axopatch 1D amplifier (Axon Instruments, Foster City, CA) connected to a Pentium class computer driven by the pClamp7 software (Axon Instruments). The extracellular solution (pH 7.4) contained (in mM): NaCl (147), KCl (5), CaCl 2 (2), MgCl 2 (1), Hepes/Tris (10) . When the Na ϩ dependence was studied, NaCl was replaced either by choline chloride or by LiCl. When the chloride dependence was studied, NaCl, KCl, CaCl 2 , and MgCl 2 were replaced by gluconate salts. The pipette solution (pH 7.2) contained (in mM): CsCl (160), MgCl 2 (1), CaCl 2 (1), EGTA (11) , HEPES/Tris (10), Na 2 ATP (2). The calculated free Ca 2ϩ concentration was 10
Data Analysis-Nonlinear regression fits of experimental data were performed with Origin (Microcal Software). The statistical analysis was done with data from single experiments. All the experiments were performed three times.
RESULTS

Effects of the Replacement of the Tyrosine Residues at the 288 and 289
Positions of GLYT2a on the Glycine Transport Activity-According to the theoretical topological model proposed for the Na ϩ -and Cl Ϫ -dependent neurotransmitter transporter family (15) , which recently has received strong experimental support (31), Tyr 289 and Tyr 288 of glycine transporter GLYT2a are located in the transmembrane domain III. Tyrosine 289 is stringently conserved in all known members of the family, and Tyr 288 is a position mainly occupied by aromatic residues in most of these transporters. To examine if these positions are involved in the function of GLYT2a, we have changed each of these residues to phenylalanine, tryptophan, and serine by site-directed mutagenesis. Subsequently, the cDNAs were transiently expressed in COS-7 cells and used in a transport activity assay. from the basal glycine uptake.
To determine whether the impaired transport of the mutants was due to a poor protein expression or to low surface transporter levels, we performed cell surface biotinylation experiments (Fig. 2) . Plasma membrane proteins were labeled with the membrane-impermeable reagent sulfosuccimido-NHS-biotin, and the biotinylated proteins were precipitated with immobilized streptavidin, followed by Western blot with previously characterized specific antibodies against the NH 2 -terminal domain of GLYT2 (20, 29) . The antibodies recognized two bands; the 90-kDa one is the totally processed transporter, present at the plasma membrane (Fig. 2, A and B) , and the 67-kDa band corresponds to the partially glycosylated protein, which is mainly intracellular (Fig. 2, A and C) . No significant differences were detected in the total and surface expression of the mutants respect to the wild type. One exception was the Y288S mutant, in which neither the totally processed 90-kDa band nor the partially glycosylated form of the transporter appears (Fig. 2, A and B, lane 7) . This result is consistent with the absence of transport activity shown by this mutant (Fig. 1) . The results from the experiments shown in Figs. 1 and 2 indicate that Tyr 289 mutant transporters have an intrinsic defect in the transport process, but Tyr 288 mutants (with the exception of Y288S) retain significant glycine transport activity. We used an electrophysiological approach to address the reason underlying the transport defect of the mutants Y288F, Y289F, and Y289S by characterizing their response to extracellularly applied glycine. For these studies, we selected the structurally closest aromatic (Phe) and nonaromatic but polar (Ser) substitutions, both showing nonaltered external membrane levels.
Replacement of Tyr 289 Drastically Decreases Apparent Affinity for Glycine-Patch-clamp experiments were performed in HEK-293 transiently cotransfected with cDNAs encoding glycine transporters and recombinant GFP. Fluorescent HEK-293 cells were voltage-clamped at a holding voltage of Ϫ40 mV, and transport currents were elicited by application of 0.01-30 mM glycine. Glycine concentrations up to 30 mM failed to evoke any measurable current in control HEK-293 cells (data not shown), demonstrating that nonspecific glycine transport was not involved in the glycine responses obtained in transfected cells. Fig. 3 shows the concentration dependence relationships of the glycine-induced currents obtained with HEK-293 cells transiently expressing either the GLYT2a wild type or the mutants Y289F, Y289S, and Y288F (Fig. 3C) . The current recorded in wild type-expressing cells was lower than in the mutants (Fig.  3A) . This was not always observed (see Figs. 4 -6), which might be due to the high variability shown in the current amplitude recorded from GLYT2-expressing HEK 293 cells. Indeed, this observation has also been reported for HEK cells stably expressing GLYT2 wild type (21) . Data were fit to the general equation described in the legend of Fig. 3 . The GLYT2 wild type transporter was characterized by an EC 50 for glycine of 0.087 mM, and a similar value was found for the Y288F mutant (EC 50 ϭ 0.1 mM), indicating that Tyr 288 can be replaced by Phe without significant alterations in GLYT2a function. On the other hand, the Y289F and the Y289S mutants displayed higher EC 50 values than the wild type (1.5 Ϯ 0.18 mM and 3.95 Ϯ 0.34 mM, respectively). In addition, the Hill coefficients were equal or very close to 1 for all assayed transporters. The dramatic decrease in the apparent affinity for glycine induced by the replacement of Tyr 289 (Fig. 3) is consistent with the lack of transport activity observed for position 289 mutants in the glycine uptake experiments (Fig. 1) . Indeed, transport assays were performed in the presence of a concentration of tritiated glycine (0.2 M) low enough to avoid interference with low affinity nonspecific glycine transport.
Tyr 289 Is Involved in the Sodium Coupling and the Cation Selectivity-By applying a maximal concentration of glycine equal to 10-fold the previously calculated EC 50 , avoiding that the substrate concentration was a limiting factor (32), we addressed the sodium dependence of the glycine induced currents in the GLYT2a wild type and both Tyr 289 mutants. The complete replacement of sodium chloride by choline chloride fully inhibited the current induced by glycine for the wild type and mutant transporters (Fig. 4) . Progressive increase of the sodium concentration caused an increase in the current amplitude for all three transporters. The wild type exhibited a sigmoidal Na ϩ dependence with an EC 50 of 32.5 Ϯ 0.8 mM and a Hill coefficient of 1.6, which reflects the implication of at least two Na ϩ ions, consistent with data from GAT1 obtained in equivalent conditions (32, 33) , and accordingly to the proposed stoichiometry of two or more Na ϩ , one Cl Ϫ , and one glycine molecule (21, 34) . Interestingly, the EC 50 for sodium was shifted toward lower values for both mutants (EC 50 ϭ 20.0 Ϯ 1.7 mM and 9.4 Ϯ 0.4 mM for Y289F and Y289S, respectively), while the Hill coefficients were found to be less than 1. Lower concentrations of Na ϩ (0.1-1 mM) were assayed for the Y289S mutant, which showed the highest apparent affinity for Na ϩ , and the results further confirmed the previously calculated EC 50 and Hill coefficient (data not shown). These results suggest a modification in the cation-transporter interaction beyond a mere increase in the affinity for Na ϩ . In another set of experiments, the current evoked by maximal glycine concentrations was recorded first in the presence of 147 mM sodium chloride and subsequently in the presence of 147 mM lithium chloride (Fig. 5) . Switching from Na ϩ to Li ϩ in the absence of glycine did not induce any recordable current at Ϫ40 mV. The total replacement of sodium by lithium almost completely abolished the current elicited by the maximal glycine concentration of 10 mM on HEK-293 cells expressing the GLYT2a wild type. In contrast, in the Y289F and Y289S mutants, total sodium replacement by lithium did not prevent glycine evoked currents whose amplitudes reached 50% and about 100% of the control current recorded in the sodium chloride containing medium, respectively. Results from Figs. 4 shown in Fig. 6 , the wild type displayed a typical hyperbolic chloride dependence, with an EC 50 of 9.1 Ϯ 2.7 mM and a Hill coefficient of 1, suggesting a coupling ratio of 1 chloride ion for 1 glycine molecule consistent with the proposed stoichiometry (21, 34) . For the wild type and mutants, a significant transport current was still present in the absence of chloride. However, while this current amplitude did not exceed 25% of the maximal current for the wild type, it achieved about 50% or more of the maximal current for both mutants, indicating that those two Tyr 289 mutations induced a marked decrease of the requirement for chloride.
DISCUSSION
The results included in the present report demonstrate, by using biochemical and electrophysiological methods, that tyrosine at position 289 located in the putative TMIII domain of GLYT2a is essential for transport activity. We mutated Tyr 289 and Tyr 288 in GLYT2a as the former position is strictly conserved throughout the Na ϩ -and Cl Ϫ -dependent neurotransmitter transporters family, and Tyr 288 is conserved in most of the members except in rDAT, where this position is occupied for a Phe residue. The position equivalent to Tyr 289 of GLYT2a in GAT1 and SERT has recently been proved to be involved in substrate binding (22, 23) . Moreover, Lin et al. (35) , have shown the involvement of Phe 155 of rDAT in dopamine uptake and ligand selectivity; this position is homologous to Tyr 288 of GLYT2a. When the Tyr 288 of GLYT2a was replaced by Phe, more than 50% of wild type glycine uptake activity was retained and a similar EC 50 for glycine in substrate-evoked currents was observed. In contrast, all the substitutions of Tyr 289 resulted in uptake levels not significantly different from the background. With the exception of the Y288S mutant, which showed an abnormal protein degradation, wild type and mutant transporters reached similar levels in the membrane. Once Tyr 289 was identified as a residue essential for activity, we proceeded to analyze electrophysiologically the mutants Y289F and Y289S in an attempt to shed some light on the structure-function relationships that govern the transport of ions and glycine.
Measurements of glycine-evoked steady state currents in transiently transfected HEK-293 cells revealed EC 50 values for glycine 17-fold (Y289F) and 45-fold (Y289S) higher than that of the wild type, with the Hill coefficient being close to 1 in all cases. The EC 50 for glycine of the wild type GLYT2a was roughly comparable with uptake K m values previously reported in transiently transfected COS-7 cells (19) and in stably transfected HEK-293 cells (21) , with minor differences attributable to different expression systems. Given the positive net charge translocated by the transport cycle (34) and the similar ionic dependence and kinetic parameters of both glycine uptake and glycine-evoked currents, we assumed a tight correlation between these two processes by analogy with GAT1 (32) and hDAT (36) , even though our system did not allow simultaneous measurements of substrate influx and steady-state currents. Interesting to note is that the kinetic parameters obtained either by uptake assays or glycine evoked steady-state currents do describe a cycle which involve steps other than binding, namely translocation and release of substrates. The affinities, in the millimolar range, of the Y289F and Y289S mutants are consistent with the lack of glycine uptake in our experimental conditions. These results are consistent with those obtained by Bismuth et al. (22) ; mutations at the homologous position of GAT1 rendered transporters with a defect in GABA recognition, being unimpaired the transient capacitative and Li ϩ leak currents associated respectively to Na ϩ and Cl Ϫ binding. The transport-specific steps such as the Na ϩ binding have been previously addressed for the GAT1 transporter by measuring capacitative currents from transient voltage jumps in the presence or absence of Na ϩ (39) . Although small differences existed in our experiments between the time courses of the transients observed in NaCl and choline chloride, we could not use reliably subtracted currents in the absence of a potent inhibitor to confirm the validity of the measurement. In the absence of any known GLYT2a-specific antagonist to perform binding assays or analyze transient currents mediated by the transporter, there is no possibility of addressing specific steps in the transport cycle but to study the substrate and ionic dependence of the entire process. We found that mutations of Tyr 289 indeed altered Na ϩ and Cl Ϫ dependence of currents induced by nonlimiting concentrations of glycine.
Replacement of sodium by choline abolished glycine induced steady-state currents in wild type and mutant transporters. Na ϩ dose dependence of glycine evoked currents were built for wild type GLYT2a, Y289F, and Y289S at glycine concentrations 10-fold the EC 50 in each transporter. Within the isotonic range of substitution, mutations at Tyr 289 actually produced both a shift to a higher apparent affinity for Na ϩ and a loss of cooperativity, the latter arguing for dramatic changes in the cation-transporter interaction beyond a mere increase in affinity. Interestingly, the substitution to Phe, keeping the aromatic moiety at the 289 position, has a higher affinity for glycine and lower affinity for Na ϩ than the replacement by Ser, which displayed the lowest apparent affinity for glycine and the highest for Na ϩ . Moreover, mutants Y289F and Y289S displayed glycine evoked steady-state currents at 147 mM Li ϩ . While for the wild type, these currents were less than 10% of the current induced by saturating concentrations of glycine in Na ϩ , they reached 50% in the Y289F mutant and around 100% in the Y289S mutant (Fig. 5) . These results indicate that the Y289S mutant has lost its selectivity for Na ϩ , and point to the aromatic ring at 289 as a possible molecular determinant of the cation selectivity in GLYT2a, given the partial Li ϩ tolerance observed in the Y289F mutant. It could be another example of the importance of cation-interactions (37) in recognition of positive charges or polarities to add to the growing list of putative transmembrane aromatic residues essential for function in this neurotransmitter transporter family (24) .
Nonabsolute requirement for Cl Ϫ was reported for GAT1 (32, 33) and for the recently cloned human amino acid transporter B0 ϩ (38), a new member of the Na ϩ -, Cl --dependent neurotransmitter transporter family that shows the highest similarity with glycine and proline transporters. Cl Ϫ dependence of glycine evoked steady-state currents was hyperbolic for the wild type transporter, while it was almost vanished in tyrosine 289 mutants, which displayed currents in the absence of Cl Ϫ higher than 50% of the current observed at 158 mM chloride. This behavior in mutant transporters showing higher apparent affinity for Na ϩ is in agreement with the results obtained by Mager et al. (32) with the W68L GAT1 mutant. Cl Ϫ would act favoring the binding of Na ϩ . Therefore, in Y289F and Y289S mutants, which showed a higher affinity for Na ϩ , the transporter might be completely occupied by Na ϩ even in the absence of Cl Ϫ . All the above results can be interpreted on the basis of two hypothesis. First, the sum of alterations at the putative Na ϩ binding site, i.e. increased affinity, decreased cooperativity, and loss of Na ϩ selectivity, could account for the dramatic loss of glycine affinity. Assuming, as reported for GAT1, that Na ϩ binding dominates the entire cycle by promoting a conformational change which enhances substrate binding and translocation (32, 39), a higher affinity for Na ϩ in the Y289F and Y289S mutants would correspond with a more inefficient release of substrate into the cell. The loss of selectivity and co-operativity for Na ϩ binding would indicates that Tyr 289 could be part of the external gate involved in initial Na ϩ binding, as has been suggested for the related serotonin transporter 50 for wild type is 9.1 Ϯ 2.7 mM. (40) . As a second hypothesis, a specific defect in glycine binding would underlie alterations of ion coupling and cation selectivity, and would find an explanation in the conceptual framework of a common aqueous pathway for substrate and ions (41, 42) . Recently, numerous reports have appeared supporting a channel-like behavior in this family of neurotransmitter transporters (36, (43) (44) (45) (46) (47) (48) (49) (50) (51) . In addition, the absence of three-dimensional data and the possibility to incorporate this postulated common pathway features that explain ion coupling, makes this scheme very useful. In GLYT2a, replacement of Tyr 289 would drastically alter the way in which glycine binds and/or translocates, thus modifying translocated species interactions in a common permeation pathway (51) . This in turn would explain the altered Na ϩ interaction and the ability of Li ϩ to maintain glycine evoked currents as well as the altered Cl Ϫ dependence. We have no direct evidence of that Tyr 289 , located within two helical turns of the extracellular border following the topology derived from hydropathy plots, is exposed to an aqueous pore. However, the TMIII topology of SERT, based on Cys scanning mutagenesis, proposed the homologous Tyr as facing an aqueous pore (23) . We found that Cys substitution in positions Ala 286 and Ile 292 of GLYT2a 2 gave a perfect correlation with the results reported for the homologous positions in SERT. As Y289F and Y289S mutations drastically affect apparent affinity for glycine, ion coupling, and a gradual loss of cation selectivity of transport-associated currents, it is tempting to apply the paradigms of ion channel research; given a mutation in an ion channel able to change ion selectivity, the affected residue is likely to lie in or near the permeation pathway (52) .
